Abstract: The study of the HLA variability of Native American populations revealed several alleles specific to one or more of the Latin American indigenous populations. The analysis of Amerindian groups distributed all over the continent might inform about the area of origin and the dispersal of these alleles and shed light on the evolution of this remarkable polymorphism. Moreover, HLA alleles and haplotypes are excellent markers to understand the genetic relationships between populations. For these reasons, we characterized the HLA class II polymorphism in seven South American Amerindian populations and compared the results with those previously reported for other Amerindian groups. The Guarani-Kaiowá (n ¼ 160) and Guarani-Ñ andeva (n ¼ 87) were from the Brazilian state of Mato Grosso do Sul, the Guarani-M'byá (n ¼ 93) and Kaingang (n ¼ 235) from Paraná state, the Aché (n ¼ 89) from eastern Paraguay, the Quechua (n ¼ 44) from Andean Peru. From Amazonia, a heterogeneous group was analyzed (n ¼ 45). The most frequent alleles and haplotypes are common also in other Amerindian populations. Each HLA-DRB1 allele was typically found in combination with just one DQA1-DQB1 haplotype, most likely as a result of some form of random genetic drift and reduced gene flow from non-Amerindians. The frequency distribution differed significantly among all populations, although differences were less pronounced between the Guarani subgroups. Marker alleles allowed an estimate of European and sub-Saharan African gene flow into these populations: Quechua 23%, Guarani-Ñ andeva 14%, Kaingang 7%, Guarani-M'byá 4%, Guarani-Kaiowá, Amazonia, and Aché 0%. Interestingly, the DRB1*1413 allele, previously found only among the Guarani-M'byá (frequency 15%), appeared in the Aché (8%). The relationship of the Aché to other Amerindian populations is unclear, and this finding reveals a link with the Guarani. On the basis of genetic distance and the HLA allele/haplotype set, we propose that the Aché are differentiated Tupi-Guarani group, most closely related to the Guarani-M'byá.
Indigenous groups of eastern Amazonia belong to different linguistic families. The Guajá (Awá) speak a language of the Tupi branch, the Katuena (Wai-Wai) and Arara (Ukarãngmã) speak a Karib language, whereas the Xikrin are a subgroup of the Kayapó and speak a Gê language (1).
The human major histocompatibility complex (MHC) comprises more than 200 genes, including those of the human leukocyte antigen (HLA) system. The classical HLA genes are the most polymorphic among all known genes. Several HLA alleles are widely distributed in populations all over the world, probably being the most ancient among extant alleles. Others have a more restricted distribution, being nevertheless shared by populations autochthonous to one or more than one continent. These may have originated after the first human migrations out of Africa. Still others seem to be confined to a few populations or even to just one population and probably have a much more recent origin. Analyses of gene frequency data and of allele and haplotype structure in isolated populations are contributing to the understanding of the mechanisms generating new alleles, the evolutionary factors that result in genetic polymorphism, the system dynamics in populations, and the biological relationships among populations.
Each of the genetically isolated Amerindian populations has a comparatively restricted number of HLA alleles, and the allele sets differ markedly among populations, especially between the North and South American Native populations. Moreover, pronounced differences are seen between Native Americans and other ethnic groups (6) . Even so, the nucleotide sequences of the HLA alleles seen in Amerindian populations reinforce the hypothesis of their Asian origin: all alleles pertain to lineages shared with Eastern Asians, including the specific alleles. DNA sequencing of the HLA alleles in Amerindian populations revealed many variants restricted to one or more Latin American indigenous populations and not found in other regions of the world, including North American Natives. The proportion of these alleles is highest in the HLA-B locus, followed by HLA-DRB1. They probably originated after the arrival of the founder populations in the American continent (7).
The turnover model proposed to explain the small number of HLA alleles seen in Latin American Native populations, and the high proportion of new alleles postulates the concerted action of random genetic drift and balancing, pathogen-driven selection, resulting in preferential maintenance of new alleles (generated mainly by gene conversion) (7) . Conversely, the high diversity found in exogamic groups, as exemplified by most of the urban populations, is the product of gene flow (7, 8 
Materials and methods

Population samples
The Guarani-Kaiowá (n ¼ 160) were contacted in the indigenous reservation areas named Amambai ( 
Biological material
DNA was obtained from peripheral blood, collected with anticoagulant ethylenediaminetetraacetic acid, and extracted by standard salting-out and phenol/chloroform/isoamyl alcohol methods.
Class II HLA genotypes were determined by polymerase chain reaction-sequence-specific oligonucleotide probes (PCR-SSOP).
The products of locus-or group-specific PCR were applied on positively charged nylon membranes, in the form of dot-blots, denatured and fixed, and then allowed to hybridize sequentially with a set of biotin-labeled allele-or group-specific SSOP. Procedures followed the protocols and reagents of the XII International Histocompatibility Workshop (9) . Initially, all DRB genes were coamplified, and a limited set of 30 SSOP was used. This lowresolution typing allowed assigning the alleles of each individual to groups. After, group-specific PCR was performed for the DRB1
locus. Dot-blots were prepared and different subsets of the 91 DRB probes were used to identify the alleles of groups DRB1*01, DRB1*03, DRB1*04, DRB1*07, DRB1*08, DRB1*09, DRB1*10, DRB1*11, DRB1*12, DRB1*13, DRB1*14, DRB1*15, and DRB1*16. In addition, the pertinent DRB3 and/or DRB5 genespecific PCR-SSOP were performed. The HLA-DQA1 and HLA-DQB1 genes were also typed by PCR-SSOP, using 19 and 35 probes, respectively. DNA samples with known genotypes were used as positive and negative controls for the probes.
Data analysis
Genotype, allele, and haplotype frequencies for loci HLA-DRB1, -DRB3, -DRB5, -DQA1, and -DQB1 were estimated directly by counting. The significance of the differences between allele frequencies of populations was evaluated with the RXC software (10) that employs the metropolis algorithm to obtain an estimate of the P-value. Haplotypes were assigned to each individual on the basis of wellestablished linkage disequilibria among alleles of these loci, considering previous reports for isolated Amerindian populations (6, (14) (15) (16) .
Absolute linkage disequilibrium (D) for two and three loci was calculated by the difference between the observed and the expected The significance of the deviations was estimated using the RXC software (10).
The Ewens-Watterson test of selective neutrality (18, 19) was applied for each locus and population, using the ARLEQUIN package.
To estimate the degree of gene flow from non-Amerindians (genetic admixture), the cumulated frequency of marker alleles/ haplotypes of non-Amerindian origin was used (20) .
Genetic distances were calculated using Cavalli-Sforza chord measure (21) . The populations whose DRB1 locus allele frequencies were used and the corresponding references are summarized in Table 1 . A dendrogram was constructed by the neighbor joining method (22) . Analyses were performed with the PHYLIP software (programs GENDIST and NEIGHBOR) (23) . The tree was drawn with the TREEVIEW program (24) .
Results
HLA-DRB1, -DQA1, and -DQB1 distributions
In comparison to exogamic populations, all Amerindian populations analyzed have low allelic diversity (Tables 2-4 ). In agreement with the results of previous studies of Amerindian populations, the common alleles of locus HLA-DRB1 belong to the DRB1*04, DRB1*08, DRB1*09, DRB1*14, and DRB1*16 lineages/groups (Table 2) .
Alleles pertaining to lineages DRB1*01, DRB1*03, DRB1*07, DRB1*10, DRB1*11, DRB1*12, DRB1*13, and DRB1*15 occur at comparatively low frequencies in the populations analyzed. They are considered markers of gene flow from populations of other continents.
Of the DRB1*16 lineage, the only allele found, DRB1*1602, is the most frequent in this locus among the Guarani and does not occur in the Aché (Table 2) . Among the populations analyzed, HLA-DRB1 allele frequencies (%) Lineage DRB1*08 has three alleles in these populations. Allele DRB1*0802 appears in all of them, with the highest frequency occurring in the Kaingang (49.6%) and the lowest in the Guarani-M'byá (2.7%). DRB1*0807 was not seen either in the Amazonian or in the Kaingang populations, whereas DRB1*0804 is absent in the Aché, Kaingang, and Quechua populations.
Allele DRB1*090102 is the only allele of lineage DRB1*09 found in the present study. The highest frequency was seen in the Quechua (18.2%). This allele was not seen in the Aché and Amazonian
Indians.
All DRB1*1602 and DRB1*14 individuals had, respectively, alleles DRB5*0202 and DRB3*0101 too, an evidence that linkage n, sample size; ND, not defined. Table 3 HLA-DQB1 allele frequencies in Amerindian populations (%) disequilibrium is absolute for these DRB haplotypes (data not shown).
As for locus HLA-DQA1, the sum of the frequencies of the alleles DQA1*03, DQA1*0401, and DQA1*0501 exceeds 90% in all the seven population samples ( In the HLA-DQB1 locus, alleles DQB1*0301, DQB1*0302, and DQB1*0402 were found in all populations. The Aché lack allele DQB1*030302, which is seen at low frequency in the Kaingang (0.4%; Hardy-Weinberg equilibrium and selective neutrality
Genotype frequencies are in Hardy-Weinberg equilibrium (Table 5) . The Amazonian population sample was not tested, because it is heterogeneous. Distribution of allele frequencies is consistent with selective neutrality, i.e., there is no evidence of the action of balancing selection for these genes, even though the observed homozygosity is, in general, lower than the expected homozygosity (Table 5) .
Haplotype frequencies and linkage disequilibrium
The most frequent haplotypes are DRB1*0411-DQA1*03-DQB1*0302
in the Aché (74.1%), DRB1*0802-DQA1*0401-DQB1*0402 in the Kaingang (49.6%), and DRB1*1602-DQA1*0501-DQB1*0301
among the Guarani (26.3-37.1%; 
Gene flow
The degree of genetic admixture was estimated on the basis of the HLA allele frequencies. Non-Amerindian alleles are identified due to their absence from nonadmixed Amerindian populations and to the extended MHC haplotypes bearing these alleles, which include also other alleles characteristic of populations from other continents. On the basis of the frequencies of HLA-DRB1 alleles of probable nonindigenous origin (Table 2) , the Quechua present the highest estimated admixture rate (22.7%), followed by the Guarani-Ñ andeva (14.3%), Kaingang (7.2%), and Guarani-M'byá (3.7%). No evidence of gene flow from non-Amerindians was detected for the GuaraniKaiowá, Aché, and the Amazonian Indians.
Population comparisons and genetic affinities
The HLA-DRB1, -DQA1, and -DQB1 allele frequencies were statistically compared between the seven populations. HLA-DRB1 allele frequencies were used to estimate genetic distances (results not shown; some are commented below). Allele frequencies differ significantly (P < 10 À6 ) among the populations studied, regardless of them being of the same geographic region or linguistic group. Among the seven populations studied, the genetic distance is lowest between the
Results of the Hardy-Weinberg equilibrium test and the Ewens-Watterson test of selective neutrality
Fe (EW) (%)
Fe (EW) (%) Fe (EW), homozygosity expected under selective neutrality; Fe (HW), homozygosity expected under Hardy-Weinberg equilibrium; Fo, observed homozygosity; P, probability.
Table 5
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Haplotype frequencies (%) and linkage disequilibrium , relative linkage disequilibrium; Hfo, observed haplotype frequency; n, sample size; P, probability. reported previously (20) .
Discussion
The pioneering studies about the HLA polymorphism in isolated human groups were those of Rubinstein et al. (25) 
HLA-DRB1 alleles
Only five of the 13 HLA-DRB1 allelic lineages described thus far Ticuna population, the frequency is high (22.5%) (45) . Because this allele is not seen in populations of other continents, it probably originated in America. In this study, it is seen among the Guarani and, at low frequency, in the Quechua. In turn, allele DRB1*0804 is present in the Amazonian Indians and the Guarani (being, however, rare in the Guarani-Kaiowá). Two DRB1*0804 alleles have been reported to occur in South American Indians.
DRB1*080402 has been identified in the Cayapa population of
Ecuador (46), while DRB1*080401 is found in African populations (47) and in populations which received gene flow from sub-Saharan
Africans. The typing method allowed to distinguish between these two alleles in the Guarani-M'byá, the allele observed being DRB1*080401. The presence of DRB1*080401 in Amerindians has mostly been explained by gene flow from Africans, due to its low frequency in this ethnic group and its apparent absence in Eastern Asians. In Africans, *080401 is found in a haplotype bearing allele DQB1*0301. The same combination was also seen in some Amerindians (48) , reinforcing the hypothesis of gene flow. However, among the populations studied here, the haplotype found is DRB1*0804-DQA1*0401-DQB1*0402 and its frequency Only two DRB1*09 alleles are known. Allele DRB1*090102 is the one seen among Amerindians, with highest observed frequency of 20% in the Cayapa (46) . In this study, the allele was found to be common in Quechua (18.2%) and in Guarani-Kaiowá (10.6%).
DRB1*090102 occurs also in North American Native populations (17) including the Tsimshiam, Na-Dene, and Eskimo (50, 51) and among Eastern Asians (52), being one marker of the Asian ancestry of Native American populations.
Haplotypes and gametic association
In Amerindians, even more than in populations of other continents, DR-DQ haplotypic variability is reduced, and each HLA-DRB1
allele is typically found in combination with just one DQA1-DQB1
haplotype. This was observed also in the study populations. The Haplotypes DRB1*1602-DQA1*0501-DQB1*0301 and DRB1*14-DQA1*0501-DQB1*0301 may be taken as ethnic markers, because they are unique to the indigenous populations of the Americas.
Selective neutrality
No significant deviation was found for any of the genes analyzed, although homozygosity was usually lower than expected under selective neutrality. This trend is consistently observed for the classical HLA genes, being an evidence of balancing selection. It should be noticed that very large population samples are needed to obtain statistical significance if selection pressure is low, as estimated for the HLA genes (53) . Apart from this, there are evidences that the evolution of the HLA polymorphism is complex, with multiple stochastic and deterministic evolutive factors acting in concert (7, 54) , so that the demonstration of each of these factors still is a difficult task.
Gene flow
All 
Genetic affinities and the origin of the Aché population
Genetic distances based on the HLA-DRB1 allele frequencies allowed to construct a dendrogram summarizing the affinities between the populations studied and other 41 populations (Fig. 1) .
Although there is no simple grouping of the population by The linguistically and geographically most heterogeneous group is the one including the Aché, the Guarani-M'byá, and the Amazonian Indians. Their grouping is explained especially by the high frequency of allele DRB1*0411. The Amerindian populations cluster apart from all others, including the Na-Dene and the Eskimo. Populations presenting a higher degree of admixture with non-Amerindians tend to be less differentiated (e.g., the Quechua, the Chilenean Indians, the North-American Indians, and the Wayú).
The origin of the Aché is much debated, because they present distinct morphological characteristics and have been quite isolated.
The Aché language has been recognized as belonging to the Tupi-Guarani linguistic group, since the 17th century. Some authors consider that the Aché are a differentiated Guarani group, while others claim that they descend from a Gê group that preceded the Altogether, these results lead us to suggest that the Aché may be a differentiated Tupi-Guarani group, most closely related to the Guarani.
Conclusions
The populations studied present limited allele and haplotype diversity and differ markedly for the HLA class II polymorphism.
The most frequent alleles belong to a subset of lineages found in Eastern Asians, thereby supporting the Asian origin hypothesis.
Diversity is highest in the Quechua and the Guarani-Ñ andeva, which received the most intense gene flow from non-Amerindians and lowest in the Aché, Guarani-Kaiowá, and Amazonian populations. Populations of the same linguistic group and residing in the same geographic area (Guarani-Kaiowá and Guarani-Ñ andeva) differ less than the others. This might be due to a recent divergence and/or to continuing gene flow. Interchange among geographically distant and/or culturally distinct populations (Guarani-Kaingang-Aché) seems to be comparatively small.
Allele DRB1*1413, detected several years ago in the Guarani-M'byá and never seen in other populations, has been found among the Aché. This suggests a genetic relationship between the two, which is supported by the low genetic distance and their relative proximity in the HLA-DRB1 dendrogram. The limited geographic and ethnic distribution of allele DRB1*1413 is compatible with the hypothesis of recent origin of this allele.
